Objective Experimental and clinical studies suggest that oxidative stress plays an important role in the pathogenesis of multiple sclerosis. Multiple studies have shown that non-psychoactive cannabinoid, cannabidiol (CBD) exerts antioxidant effects, and has recently been approved for treatment of inflammation, pain, and spasticity associated with MS patients. The aim of this study is to determine the effectiveness of CBD in a multiple sclerosis mouse model, i.e. cuprizone-induced demyelination. Methods Adult male BL/6 mice were fed with 0.2% cuprizone for 5 weeks which caused severe demyelination of the corpus callosum (CC). Animals were simultaneously treated with 5 mg·kg −1 CBD by daily intra-peritoneal injections. Using immunohistochemistry and transmission electron microscope, we evaluated the effects of CBD on demyelination, malondialdehyde levels and the activity of reduced glutathione, catalase and superoxide dismutase was evaluated by Biochemical analysis. Results CBD ameliorate the cuprizone-induced demyelination and microglia accumulation. Biochemical analysis showed that oxidative stress induced by cuprizone was reduced by CBD. Conclusion Our data implicate that CBD attenuates destructive effects of cuprizone in the CC by decreasing oxidative stress and microglia repletion.
Introduction
Multiple sclerosis (MS) is a severe demyelinating, chronic inflammatory disease characterized by multifocal damage of myelin in the central nervous system (CNS). 1 A key study by Lucchinetti et al. 2 described 4 different lesion subtypes: pattern 1 and 2 lesions are autoimmune mediated, while pattern 3 and 4 lesions are presumed to be caused by a primary oligodendrogliapathy. Pattern 3 lesions in particular display many pathological similarities with cuprizone-induced demyelination: (i) actively demyelinating lesions with little involvement of T-cells but microglia accumulation and (ii) hypoxia-like tissue damage with signs of metabolic stress and mitochondrial dysfunction which eventually leads to pronounced oligodendrocyte apoptosis. 3 MS has long been considered as T-cell-mediated autoimmune disease of the CNS characterized by microglia activation, recruitment of systemic immune-competent cells and production of cytotoxic mediators and pro-inflammatory cytokines, which lead to neuronal tissue damage (inflammatory cascade). 4 Although controlled clinical studies published evidence for the effectiveness of immune-modulatory, antiinflammatory or immunosuppressive therapies, however this effect is mainly seen in patients at early stages of the disease, and the effects are limited, especially in improvement of the accumulation of constant clinical deficits. 5, 6 Therefore, there is a high need for new effective drugs that limit demyelination and axonal degeneration, thus complementing the currently available therapies. 7 A number of studies suggest the importance of primary neurodegenerative mechanisms that are evident in chronically demyelinating plaques and are believed to be the result of oxidative stress. 4, 8 Oxidative stress basically reflects a condition in which the pro-oxidant-anti-oxidant balance in a cell is disturbed; cellular biomolecules undergo severe oxidative damage, ultimately impairing cell viability. 9 The CNS is particularly sensitive to oxidative stress because of high oxygen consumption, relatively small amounts of conventional anti-oxidants and anti-oxidative enzymes, and large amounts of polyunsaturated lipids which are highly susceptible to oxidation. 10 The discovery of the psychoactive effects of Cannabis sativa marked the beginning of a new field of research into the pharmacological and physiological role of the cannabinoids.
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Cannabis sativa contains a class of phytocannabinoids that include tetrahydrocannabinol (THC), the major psychoactive constituent, and cannabidiol (CBD), a non-psychoactive constituent. 12 CBD exerts multiple pharmacological actions in the CNS via no-CB1 and no-CB2 receptors. 13 In addition to its beneficial effects on pain and spasticity associated with MS, CBD may influence the pathogenesis of MS by exerting anti-inflammatory, anti-oxidant and neuroprotective effects. 12 It has been shown, that CBD can control microglia functions. Furthermore, it appears neuroprotective in a mouse model of Alzheimer disease 14 and ameliorates immune-regulatory actions in both the Theiler's murine encephalitis virus (TMEV) 15 and experimental autoimmune encephalomyelitis (EAE) models of MS. 16 Previous studies demonstrate that cannabinoids have safety and efficacy in reducing the symptoms of multiple ISSN 2413-0516 Protective effects of cannabidiol on cuprizone-induced demyelination in C57BL/6 mice Demyelination in the cuprizone model is an early pathological event mainly affecting oligodendrocytes and axons without the breakdown of the blood brain barrier and concomitant leukocyte/blood monocyte infiltration. 15 Histopathological features of the cuprizone-induced demyelination closely resemble type III MS lesions as defined by Lucchinetti et al. 2 and oxidative stress was shown to be a key factor in cuprizone pathophysiology. 20 The goal of this study was to evaluate the anti-oxidant effects of CBD during experimentally-induced demyelination by cuprizone in the corpus callosum (CC) of young male mice.
Materials and Methods

Animals
Research and animal care were approved by the Review Board for the Care of Animal Subjects of the district government (Tehran, Iran). In vivo experiments were performed with 8 weeks old male C57BL/6 mice (approx. 20 g, Pasteur, Iran). Animals were housed under temperature-controlled conditions with a 12/12-hour light-dark cycle and ad libitum access to water and food.
Cuprizone-induced Demyelination and CBD Treatment
In this study cuprizone as an oral agent was used that causes acute, fast recovering demyelinated lesions. 21 Eight-week-old (20 g) male C57Bl/6 mice were randomly divided into four groups (n = 10 per group). One group was fed normal diet and served as controls. The three other groups received diets containing 0.2% (w/w) cuprizone (Sigma, USA) to induce demyelination. CBD (Sigma, USA) was dissolved in PBS which served as vehicle. The vehicle plus CBD complex (5 mg·kg −1 ) was injected intraperitoneally into cuprizone-treated mice (CPZ+C group) every other day for 5 weeks. The chosen CBD dosage closely resembled that used in another study to treat CPZ model of MS in mice. 22 The 4 groups were as follows: control group that was fed normal diet, cuprizone group which was given only CPZ, vehicle-treated cuprizone group (CPZ+V) and cannabidiol-treated cuprizone group (CPZ+C). Mice were anaesthetized with ketamine (115 mg/kg) (Sigma, USA) and xylazine (10 mg/kg) (Sigma, USA) and killed after 5 weeks. Animal handling and treatment protocols have been previously described in detail. 4 For IHC and biochemical studies, the numbers of animals in the experimental groups were as follows: control (n = 4), CPZ (n = 5), CPZ plus CBD (n = 6).
Luxol Fast Blue Staining
Myelination was analyzed in sections by luxol fast blue staining (LFB, Sigma, USA). Sections were placed overnight in LFB at 56°C and washed in 95% ethanol and distilled water to remove excess blue stain. The color was then differentiated (until white matter was easily distinguishable from gray matter) in a lithium carbonate solution for 15 s, followed by distilled water and three 80% alcohol washing steps. Slices were further passed through fresh xylene twice, mounted with Entellan (Merck, Germany). In order to evaluate sections based upon demyelination, LFB stained sections were scored between zero and three, by three independent, blinded readers. A score of three is equivalent to a normal myelin status, whereas zero is referred to maximum demyelinated CC. A score of one or two corresponds to one-third or two-third fiber myelination of the CC, respectively.
Transmission Electron Microscopy
For electron microscopic examination, three animals per group were transcardially perfused with 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M PBS. Brains were quickly removed and placed on ice. The CC was dissected, and the samples were placed in a tube. Samples were then transferred immediately after extraction in 2.5% glutaraldehyde (Fluka) in 0.1 M cacodylate buffer (pH 7.4) at 4°C overnight and transferred to 1% osmium tetroxide in the same buffer for 1 h at room temperature. Tissue was transversely cut into 1 mm blocks which were further fixed in osmium tetroxide at 4°C overnight, dehydrated through ascending ethanol washes, and embedded in epoxy resin (TAAB laboratories). 1 µm sections were cut, stained with toluidine blue, and examined by light microscopy to identify demyelinated areas. Selected areas were subsequently examined by TEM (IEO 906 Germany, 100 kV).
According to the method of Zambonin and et al. 23 , sagittal sections of the CC were submitted to a quantitative evaluation to determine the percentage of correctly myelinated axons per field. CC images were taken from 4 sections with an intersectional distance of 50 µm. Photographs of axons orientated in cross-section were taken, and quantification of myelinated axons was performed on 4 images per animal and treatment at a magnification of x 3500 using the Image J software.
Immunohistochemistry
After anesthesia, the animals were transcardially perfused with PBS followed by 4% paraformaldehyde (PFA, Sigma, Germany) in 0.1 M PBS, pH 7.4. Brains were removed, postfixed in 4% PFA overnight and rinsed with PBS. After overnight post-fixation, brains were processed, embedded, and sectioned into 5 µm sections from the levels 215-275 as stated in the mouse brain atlas by Sidman et al. (http:// www.hms.harvard.edu/research/brain/atlas.html). For IHC, sections were placed on silane-coated slides, de-paraffinized, rehydrated, heat-unmasked and blocked with PBS containing 5% normal serum. Afterwards, sections were exposed to antiionized calcium binding adaptor molecule (anti-Iba-1, 1:4.000; Wako, Germany) for overnight at 4°C. The next day, sections were treated with H 2 O 2 /PBS (0.3%, Roth, Germany) to block the endogenous peroxidase. Then, sections were incubated with the appropriate secondary antibodies followed by the Avidin-Biotin Complex (ABC) Method. Diaminobenzidine (DAB) was used as chromogen. Finally, sections were dehydrated in graded alcohols and mounted.
Biochemical Analysis
In order to recognize the effects of free radical-mediated following cuprizone-induced demyelization with or without CBD treatment, determination of reduced glutathione (GSH), lipid peroxidation (LPO), catalase (CAT) and superoxide dismutase (SOD) tissue levels were carried out in the CC. To this end, mice were transcardially perfused with 0.1 M PBS (PBS, Sigma, USA). Following dissection of the brains, the CCs were isolated. After that, tissue samples were homogenized on ice by application of a tissue homogenizer (Remi, India). LPO products (malondialdehyde; MDA) in the CC were measured according to Kashani et al. 22 Briefly, tissues homogenates were produce in 0.15 M KCl (5% w/v homogenate). Microcentrifuge tubes each containing 0.6 ml were incubated 1 h at 37 °C. Following that, 1.2 ml of 28% w/v trichloroacetic acid (TCA) solution (5%) was added, and by adding 1.2 ml of water, the final volume was reached to 3 ml. Subsequently, centrifugation at 3000 xg for 10 min was performed and 2.5 ml of the supernatant was collected. After that, the color was developed by addition of 0.5 mL of 1% w/v thiobarbituric acid dissolved in 0.05 N NaOH keeping the solution in boiling water bath for 15 min until the appearance of pink color. Finally, the absorbance was read in a spectrophotometer at 532 nm. MDA contents were declared as nmol/g wet tissue. The GSH content of CC was also determined by spectrophotometer. Briefly, proteins from homogenized tissues (10% w/v in PBS, pH 7.4) were removed, and after adding an equal volume of 10% TCA, incubated at 4°C for 2 h. Then, the samples were centrifuged at 2000 xg for 15 min, and the supernatant was added to 2 ml of 0.4 M Tris buffer (pH 8.9) including 0.02 M EDTA (pH 8.9) (Sigma, USA). After that, 0.01 M 5,5'-Dithio-bis 2-nitrobenzoic acid was added. Eventually, the mixture was diluted with 0.5 ml DW, and absorbance was read in a spectrophotometer at 412 nm. Results are shown as µg GSH/g wet tissue sample. Total SOD activity in the CC homogenate was measured based on the ability of SOD to inhibit the production of formazan dye resulting from the reaction of WST-1 (water-soluble tetrazolium salt) and superoxide anion. Briefly, samples were mixed with WST-1 solution and enzyme solution (xanthine oxidase) and incubated at 37°C for 30 min. Then the absorbance of the solution at 450 nm was measured. The activity of total SOD in the brain tissue was calculated by referring to the standard curve and expressed as U/mg protein.
Data analysis
All data are given as means ± SD. Statistical differences between various groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's post hoc test using GraphPad Prism 7 (GraphPad Software Inc., USA).
Results
CBD treatment delays demyelination
Standard LFB staining revealed a normal myelin structure in the control group (Fig. 1A) . The animals treated with cuprizone and PBS (CPZ+V group) or without PBS (CPZ) exhibited a significant decrease in LFB staining, characterized by bright areas indicative of myelin disorganization (Fig. 1B, C and E) . In the animals treated with cuprizone plus CBD (CPZ+C group), LFB staining was significantly stronger than in the CPZ group but the myelin aspect was not uniform and displayed vacuoles ( Fig. 1D and E, P ≤ 0.05).
Cannabidiol effects on the myelination index
TEM photographs were used to determine the percentage of myelinated axons in the CC. Under control conditions, we found nearly the whole axon population as densely packed axons with a typical range in diameter and homogeneous regular myelin sheets (Fig. 2A ). Cuprizone treatment with or without PBS resulted in a massive reduction in myelinated axons numbers up to 90% (Fig. 2B and C) . We also observed very small myelinated axons with frazzled myelin layers. The co-administration of CBD partially inhibited the mentioned decline ( Fig. 2D and E, P ≤ 0.05 cuprizone versus cuprizone and CBD).
CBD effect on microglia accumulation
Microglia accumulation was evaluated by IHC against Iba-1. Quantification of Iba-1 staining intensity in the CC showed that in control animals, few microglia and low staining intensity can be detected (Fig. 3A and E) . In contrast, the area of Iba-1 staining and its intensity significantly increased in the CPZ and CPZ plus vehicle animals ( Fig. 3B-E, P ≤ 0.05) . Staining values for Iba-1 were significantly lower in CPZ plus CBD animals ( Fig. 3D and E, P ≤ 0.05).
MDA and levels of anti-oxidants
In order to analyze the effects of cuprizone and CBD exposure on parameters distinctive for oxidative stress, we determined of MDA, GSH, CAT and SOD levels in homogenates of the CC. As shown in Fig. 4 , the activities of antioxidant enzymes (GSH, CAT and SOD) decreased significantly (after cuprizone-induced demyelination without CBD treatment compared with the control group (Fig. 4B-D) . The level of the anti-oxidant enzymes (GSH, CAT and SOD) was significantly increased (P ≤ 0.05) after cuprizone-induced demyelination with CBD treatment (CPZ+C group) compared with the cuprizone-induced demyelination with PBS as a vehicle (CPZ+V group). In contrast, MDA levels were significantly increased after cuprizone-induced demyelination without CBD treatment (22.1 ± 2.9) compared with control mice (Fig. 4A) . Interestingly, cuprizone-induced demyelination with CBD treatment (CPZ+C group) significantly (P ≤ 0.05) decreased MDA levels compared with cuprizone-induced demyelination without CBD (Fig. 4A) .
Discussion
In the present study, we demonstrated that the intraperitoneal administration of CBD significantly ameliorate demyelination in the CC, decreased microglia accumulation and alleviated oxidative stress after cuprizone-intoxication.
Recent years have provided evidence that oxidative stress plays an important role in the pathogenesis of MS. 1, 2, 5 Here, we used the cuprizone mouse model which is known to cause oxidative damage of oligodendrocytes and dystrophic axons in the brain which closely mimics to some extent the so-called pattern III lesions in MS patients. 22, 24 Our results show that cuprizone feeding significantly increased MDA and decreased the activities of a set of anti-oxidant enzymes/factors such as SOD, GSH and CAT. These results are in good agreement with observations from other authors. 15, 22, [24] [25] [26] Cuprizone is able to increase levels of MDA, a routine index of lipid peroxidation, and simultaneously decrease GSH levels and antioxidant enzyme activity (CAT, SOD). 3 Although the underlying mechanisms of ROS-dependent myelin loss are not yet clear, there are several plausible explanations. First, ROS can directly induce the apoptosis of oligodendrocytes, thereby leading to demyelination in MS. 23 Second, oligodendrocyte precursor cells may be more sensitive to oxidative stress compared to mature oligodendrocytes and thus limit CNS repair and remyelination. 28 Third, ROS has direct effects on the lipid and protein components of myelin through peroxidation, and degrades myelin basic protein (MBP) through the production of matrix metalloproteinases. 27, 28 We demonstrate that CBD partially reverses these effects. It is assumed that CBD is able to restore the normal balance between oxidative stress markers and anti-oxidant endogenous mechanisms that is often disrupted in neurodegenerative disorders. 29 Anti-oxidant effects of CBD may involve intracellular mechanisms that enhance the ability of endogenous anti-oxidant enzymes to control oxidative stress, in particular the signaling triggered by the transcription factor Nuclear Factor Erythroid 2-related Factor 2 (Nrf2). 29, 30 Nrf2 (also known as NFE2L2) is a critical regulator of genes involved in the detoxification of reactive oxygen species. 30 CBD is thought to bind to an intracellular target which plays a major role in the control of anti-oxidant-response elements located in genes encoding for different anti-oxidant enzymes of the so-called phase II-anti-oxidant response and is involved in the regulation of Nrf2. 29 Cuprizone treatment causes a significantly increase in the number of Iba-1 positive cells in the CC, thus being indicative for local neuroinflammation. 4 Another relevant finding of our study was that CBD administration attenuated the microglia accumulation in the CC of cuprizone-treated mice. This result is consistent with other data which shown that CBD administration reduced microglia accumulation in different brain injury models. [31] [32] [33] [34] It seems safe to conclude that microglia plays a detrimental role in the demyelinated lesion. 32, 34 Microglia are the resident immune cells of the CNS, participating in the regulation of immune responses due to their ability to present antigens and to secrete immuneregulatory factors such as neurotrophins, chemokines, cytokines, and ROS. 31, 34 Microglia can recruit and reactivate T cells in the CNS and release detrimental molecules such as free radicals, inflammatory cytokines, and proteases, which then contribute to demyelination through a variety of different pathogenic processes. 33 Wu et al. showed that the production of ROS by microglia occurred primarily by NOX activation and required the Hv1 proton channel. 35 Ablation of microglia or impairment of their function decreased disease progression in experimental MS animal models. 34, 36 Thus, suppression of microglia will potentially reduce inflammatory lesions and limit demyelination within the CNS. In addition, Mecha et al. found that CBD induced apoptosis of microglial cells through lipid raft involvement. 31, 37 Lipid rafts are regions of pla sma membranes with a distinct, characteristic structural composition, that participate in various cellular functions, including protein trafficking, transcytosis, endocytosis, cell survival, and cell death. 37, 38 CBD induces lipid raft coalescence, which has been linked to critical signaling pathways, such as apoptosis.
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Conclusion
Our data implicate that CBD can attenuate destructive cuprizone effects in the brain by decreasing oxidative stress and reducing microglia accumulation. It remains to be analyzed in further studies whether such protective effects are also operant in human MS patients and are suited as therapeutic options.
